The initial electron tranfer in reaction centers from Rhodobacter sphaeroides R26 was studied by a subplcosecond transient pump-probe technique. The measured kinetics at various wavelengths were analyzed and compared with several mechanisms for electron tra er. An unambiguous determination of the initial electron transfer mechanism in reaction centers cannot be made by studying the anion absorption region (6404690 nm), due to the spectral congestion in this region. However, correlations between the stimulated emission decay of the excited state of the special pair, P*, at 926 nm and bleaching of the bacteriopheophytin Qx absorption at 545 mu suggest that the electron transfer at 283 K is dominated by a two-step sequential mechanism, whereas one-step superexchange and the two-step sequential mechanism have about equal contributions at 22 K.
The highly efficient primary charge separation in photosynthesis occurs in a membrane-bound protein complex called the reaction center (RC) . The x-ray crystal structure of RCs from Rhodopseudomonas (Rps.) viridis and Rhodobacter (Rb.) sphaeroides has been determined and reveals a pseudo C2 symmetry (1) (2) (3) . In the RC, two strongly interacting bacteriochlorophylls form the special pair, denoted P. Along each side of the C2 axis there is a monomeric bacteriochlorophyll (BA and BB) adjacent to the special pair, followed by a bacteriopheophytin (HA and HB) and then by a quinone molecule (QA and QB). There is also a single non-heme iron on the C2 axis between the two quinones.
Electron transfer could occur along either branch related by the C2 symmetry, yet it occurs only down one branch (branch A) from P* to HA in about 3 ps at room temperature. One unresolved question concerns the role of BA in the initial charge separation process between P* and HA. Early picosecond and femtosecond measurements on RCs from Rb. sphaeroides and Rps. viridis at room temperature and at 10 K (4-9) did not detect any intermediate state involving B-, and the decay of P* and the bleaching of HA had the same time constant. These observations indicated that the initial electron transfer from P*BAHA to P+BAH-occurred either by a single-step superexchange mechanism or by a two-step hopping process with the second step much faster than the first step. The one-step superexchange mechanism has been supported by measurements by Kirmaier and Holten (10, 11) . Using an electric field to perturb the electron transfer, Lockhart et al. (12) concluded that (at 77 K) the two-step mechanism was unlikely. The same conclusion was reached by Ogrodnik et al. (13) using an excitation dichroism measurement of the fluorescence yield under electric field modulation at low temperature. On the other hand, transient measurements at room temperature by Holzapfel et al. (14, 15) suggested that the primary charge separation involved two steps, with time constants of 3.5 ps for the electron transfer from P* to BA and 0.9 ps for the transfer from B-to HA.
Three recent calculations have considered the relative importance ofthe sequential and superexchange mechanisms (16) (17) (18) (19) . Hu and Mukamel (16, 17) used a density matrix approach to explore the relative magnitude of the sequential and superexchange mechanisms as a function ofenergy gaps, coupling, and reorganization energy. These authors also showed that, if dephasing is not very rapid, a simple partitioning into the two processes is not possible. In addition to the sequential and superexchange mechanisms, interference terms of mixed origin also appear. Sugawara et al. (18) also used a density matrix approach to explore the influence of coupling to the protein modes. Bixon et aL (19) used nonadiabatic electron transfer theory (fast dephasing limit) to model the initial electron transfer in RCs. All the calculations imply that for reasonable parameter values, both mechanisms may contribute to the overall electron transfer rate. The calculation of Bixon et al. (19) suggests that for reasonable parameter values, the electron transfer is dominated by the two-step sequential mechanism at room temperature, while the contribution of the one-step superexchange mechanism becomes important at low temperature.
In this paper, we address the mechanism of the initial electron transfer by using kinetic data for Rb. sphaeroides R26 RCs obtained at several wavelengths where the various species involved absorb. The analysis of our data, in particular the correlations between the rates of appearance and disappearance of the various species, leads to a consistent picture of the initial charge separation process.
EXPERIMENTAL PROCEDURES
RCs from Rb. sphaeroides mutant R26 were isolated and purified as described (20) . Subpicosecond time-resolved measurements were performed with a spectrometer based on a colliding pulse mode-locked dye laser and a four-stage dye amplifier (21) . The polarization of the pump and probe pulses was set at the magic angle for the measurements of the P* stimulated emission decay ( after each kinetic measurement, and no difference between the two absorption spectra was observed.
RESULTS AND DISCUSSION
The decay of the singlet excited state of the special pair, P*, prepared by directly exciting into the lowest absorption band at 870 nm, was measured by stimulated emission at 926 nm ( Fig. 1) . Fitting the data with deconvolution of the instrument response function gave time constants of 2.6 ± 0.2 ps at 283 K and 1.6 ± 0.2 ps at 22 K, consistent with previous measurements made by Martin and coworkers (5, [7] [8] [9] . However, the P* decay contains little information about how an electron is transferred from P* to HA. Several mechanisms have been proposed for the initial electron transfer in bacterial RCs (22) (23) (24) (25) (26) (27) (28) (29) . A major concern is the role of BA. The two most frequently discussed mechanisms are represented by the following schemes. We will not consider kL and k2 here because of the large energy gap between the corresponding states. However, the energy gap between P*BAHA and P+B-HA may be small, and k_1 is included in our data analysis.
The main-difference between the two proposed mechanisms lies in how BA participates in the initial electron transfer from P* to HA. Scheme I represents a case where an electron is transferred directly from P* to HA in a single step.
B-is not a distinct chemical intermediate but is probably
indirectly involved by coupling to both the initial and the final states through P+B-HA. This is the so-called superexchange mechanism. In Scheme H, however, an electron is first transferred to BA, forming a true chemical species BA, before HA is reduced.
These two kinetic models have different experimental consequences. In Scheme I, the two states, P*BAHA and P+BAH-, are connected by a single process with a rate constant k. The decay of the donor state P*BAHA and the bleaching of the HA absorption (due to the formation of P+BAH-) should give the same rate constant. This is the basic -4 0.18 0.14- criterion for the single-step mechanism to hold and was the basis of the original claims for the existence of the superexchange mechanism (4-7). Moreover, kinetics measured in the 640-to 690-nm region (HA absorption) should be the same as those obtained from P* decay and HA bleaching measurements. Photodichroism measurements in the anion absorption region using 1 1 and I probe polarizations should differ only by a scaling factor, (1 + 2 cos2O)/(2 -cos26), for a randomly oriented sample (0 is the angle between the transition dipole moment of HA and P). Thus, the kinetic information contained in the 1 1 and I data should be identical.
In contrast, the P* decay and the HA-formation do not occur in concert for the two-step mechanism (Scheme U). The time constants ofthe decay ofP* and the bleaching ofHA do not necessarily match each other, even though the bleaching kinetics of HA does depend on the electron transfer rate constants k1 and kL1 of the first step. In fact, the decay of P* is in principle biexponential due to kL1. The observation of nonexponential decay of P* depends on the magnitude of kL1 relative to k1 and k2. If the electron transfer occurs purely via the two-step mechanism, the P* decay and the HA bleaching kinetics give rate constants k1, kL1, and k2. The kL1/k, ratio provides information about the energy level of the intermediate state. In addition, kinetics in the 640-to 690-nm region will be more complex because both BA and HA absorb in this region. It has been shown that bacteriochlorophyll and bacteriopheophytin anions have different absorption coefficients in organic solution (30, 31) , the absorption maxima of BA and HA in the RC might appear at different positions (11, 32) Again, the decay of P* can be biexponential because of kL1.
If kL1 is small compared to k, kj, and k2, the two decay components might not be distinguished experimentally and a single time constant =(k + kj)-1 will be obtained. The formation kinetics of BA and HA, the maximum concentration of BA, and the bleaching of HA are determined by the rate constants k, kj, kL1, k2, and k3.
For the kinetic models and their experimental consequences discussed above, it is assumed that while the spectra of the various species may overlap, the intensity of the absorption bands can be considered as directly proportional to the concentration of the various molecular and ionic states present at a particular time. It is not a priori clear that such a weak coupling picture is appropriate for the RC (16-18, 33, 34) , and therefore caution must be exercised in interpreting experimental data via simple kinetic schemes. For a better understanding of the kinetic data, a detailed model for the spectrum (including the optical and vibrational dephasing time scales) and its evolution is required. Molecular orbital theory has been applied to the RC (35-39), but to date no calculations of the difference spectrum immediately following excitation have been presented. In principle, nonlinear spectroscopy can reveal the various dephasing time scales. Recent work by Vos et al. (40) and subsequently by us finds evidence for oscillatory behavior in the stimulated emission decay at temperatures slo0 K. However, in the absence of more detailed information on the electronic states and their dephasing rates, we.will interpret the data presented here in terms of a kinetic scheme but consider this to be of uncertain validity at the shortest times.
A second complication that must be considered is the heterogeneity in the sample. Kirmaier and Holten (41) (40) and the potential problems associated wiih heterogeneity become better understood, our current analysis may require modifications that explicitly address these issues.
To compare the kinetic models with the experimental observations, it is necessary to include the relative absorption coefficients and tranisition-moment orientations.for all absorbing species at a particular probe Wavelength. Even in the contextofa kinetic scheme, the possibility of shiftsdofthe absorption bands as a result, for example, of electrochromic effects during charge separation must be considered. This bandshift effect is of particular concern in the B absorption region, where a significant electrochromic shift is known to occur. Another complicating factor is the P* absorption, whose spectrum covers the entire visible region. Thus, determining the contribution from P* is crucial in analyzing Proc. Natd. Acad. Sci. USA 88 (1991) the transient absorption data, especially in the anion absorption region.
To detect B-and HA, kinetics were m asured at 663 nm and 682 nm, and Fig. 2 shows the nomaized transient dichroic data. These two wavelengths were selected because 665 am is the absorption maximum of H^(1U, whereas 62 nm is likely to be near the absorption peakof B- (32) . With the assumption that the 665-nm signal at A10 ps (without normalization) was due only to H-absorpto, the angle of the transition moment of HA wasg found to be 62 ± 3 with respect to that of the 870-nm absorption, which is in accordance with results obtained by other groups (11, 15 is smaller, presumably due to the faster electron transfer rates at low temperatures. However, the two curves still differ when the proper normalization is made.
From the difference between the JI and I data at 665 nm it is tempting to suggest that the electron transfer does not occur via the one-step superexchange mechanism. However, when the contribution from P* is considered, the situation changes. Fig. 3 Fig. 3 leads to the conclion that dichroic measurements at 665 nm, in the absence of extremely precise extinction coefficients for all the species involved, cannot distinguish between the one-step and twostep mechanisms. Our conclusions (and data). at this wavelength are in accord with those of Kir and Uolte (11) .
Transient measurements performed at 293-K with 6X2-nm probe light are shown in Fig. 2b . Th I data at this wavelength look similar to those at 665 nm, but the I I data show a small plateau between 1 and 5 ps that was not observed for the 665-nm data. This pronounced absorption is a good indication of the presence of B-because the anion has a larger absorption coefficient at this waveles th (near the absorption peak) and produces a large effect on the observed kinetics. However, this feature could also be attributed to the (Fig. 4) , the instantaneous absorption tracking the excitation pulse (at both wavelengths) is most likely due to the formation of P*. Following the initial absorption, bleaching develops at 545 nm, which indicates the reduction of HA. However, at 526 nm, only a small relaxation of the initial absorption is detected and no significant bleaching is observed. This indicates that electron transfer does not take place along the inactive branch to reduce HB. The small relaxation at 526 nm is assigned to a P* ....P+ transition, by assuming that P* and P+ have slightly different absorption cross sections in this spectral region. Very similar features are observed at 22 K (Fig. 5 ).
Although the P* contribution prevents an unambiguous determination of the presence of B-in the 665-nm and 682-nm measurements, the presence of the P* absorption at 545 nm is not a problem in determining the bleaching kinetics of HA for two reasons. (i) The P* absorption and HA bleaching cause optical density changes in opposite directions and thus are easily separated from each other. (ii) If the relative absorption coefficients of P* and P+ remain unchanged across the bacteriopheophytin Qx absorption band, a direct measure of the contributions from P* and P+ can be made since no bleaching is observed at 526 nm and only a small extrapolation from 526 nm to 545 nm is needed. A determination of the relative contributions of P*, P+, and HA is extremely important in testing which mechanism is in operatioi, because the bleaching of HA and the decay of P* have different kinetics in the two-step mechanism. By comparison of the kinetics at different wavelengths, the electron transfer mechanism can be elucidated. Fixing k3l at 220 ps Time, ps 10 15 FIG. 4. Transient absorption measurements (-) at 545 nm and 526 nm for R26 RCs at 283 K along with kinetic fits (---) for various models: one-step model with k-1 = 4 ps (a), one-step model with k-1 = 2.6 ps (b), and two-step model with kj1 = 2.4 ps, k-j = 9 ps, and kj-1 = 1.2 ps (c). The time constant k-1 was chosen to be 220 ps for all three cases. The 526-nm curves are not perfectly described by our model in the first 4 ps. The influence of this small discrepancy on the kinetic fits at 545 nm is negligible. This problem does not occur in the low-temperature data (Fig. 5) . (Fig. 4a) .
However, this 4-ps time constant is clearly longer than the 2.6 + 0.2 ps measured from the stimulated emission decay of P* (Fig. la) . Modeling the 545-nm kinetics with a fixed time constant of 2.6 ps results in poor agreement with the data (Fig. 4b) . This indicates that the single-step model alone cannot correctly describe the initial electron transfer at 283 K. The above analysis hints that a mechanism with HA bleaching slower than P* decay is required. A two-step kinetic scheme will meet this requirement by slowing down the electron transfer to HA through the intermediate reduction of BA. A two-step simulation with kj1 = 2.4 ps, k1 = 9 ps, and k2j1 = 1.2 ps (Fig. 4c) shows good agreement between the simulation and the data. This set of time constants, although it results in a P* decay that deviates slightly from exponential, also gives a satisfactory fit to the 926-nm data. The backreaction rate constant kL1 is limited by the observed single exponential decay of P*. Setting kL1 = 0, a model simulation with kj1 = 2.6 ps and kW' = 1.25 ps (data not shown) can also well represent both the 926-nm and 545-nm data. Therefore, the value of kL1 estimated here is only an upper limit.
Although our data at 283 K can be represented solely by a two-step model, the possibility of Scheme m with the two-step pathway dominating cannot be ruled out. In this situation, the relative contribution of each mechanism is determined by the rate constants associated with each electron transfer pathway. Kinetic simulatibns show that the contribution of the one-step mechanism could be as much as 25% before the simulated kinetics start to deviate significantly from the data, and this restricts the time constant kto be >lO ps at 283 K.
Proc. Natl. Acad. Sci. USA 88 (1991) At 22 K, the best single-exponential fit to the 545-nm data gives a time constant of 3.1 + 0.3 ps (Fig. Sa) . But this 3.1-ps time constant is not consistent with the P* decay (1.6 ± 0.2 ps) measured at 926 nm (Fig. lb) . The one-step model with k-1 = 1.6 ps results in HA bleaching kinetics that do not resemble the experimental data at all (Fig. 5b) . So the one-step superexchange mechanism cannot be fully responsible for the initial electron transfer at low temperature.
Fig. Sc shows three simulations of the bleaching kinetics using the two-step model with kj1 = 1.6 ps, kL1 = 0, and three values for kj': 1.5 ps, 0.9 ps, and 0.55 ps. None of these curves describe the data well over the whole time range. The simulation with kWj = 0.9 ps seems to give reasonable agreement for the early time portion (<3 ps) of the data but shows significant deviation thereafter. From these simulated curves, in contrast to the results at 283 K, the pure two-step electron transfer pathway does not seem to be an appropriate description at 22 K.
We finally consider the parallel pathway mechanism. Fig.  5d shows the simulated HA bleaching with k-1 = 3.3 ps, kj1 = 3.1 ps, k:1 = 20 ps, and kW = 3.2 ps. It is seen that reasonable agreement between the model and the data at 22 K is achieved. The inclusion of kI1 = 20 ps results in a slightly nonexponential P* decay, and a faster back-reaction rate constant will give substantial deviation from the data. Kinetic modeling with a variety of k, k1, kL1, and k2 combinations (data not shown) indicates that the fractional contribution of the two-step electron transfer pathway at 22 K is about 50 + 10%. Outside this limit, the model predictions are significantly different from the experimental data. According to our analysis, k1 and k2 are of the same order of magnitude.
Choosing kil to be >4 ps or <2.5 ps results in HA bleaching kinetics that deviate significantly from the data.
The switch of the electron transfer mechanism from a dominant two-step process at 283 K to a roughly equal contribution of one-step and two-step processes at 22 K is consistent with an energetic picture in which P+B-HA lies slightly below the initial electron donor state P*BAHA. The kL1/k, ratio (<1) implies that the energy level of P+B-HA is lower than the initial state P*BAHA, and the energy gap is >250 cm-' at 283 K and >30 cm-' at 22 K. The temperature dependences of k, k1, and k2 are not expected to be the same due to the different nature of these processes. If the superexchange process is assumed to be activationless, the conventional nonadiabatic electron transfer rate constant for this process is then proportional to T-1/2 (42) (if the electronic coupling is independent of temperature), which is in agreement with our results (the time constant changes from >10 ps to 3.3 ps between 283 K and 22 K). ki is less sensitive to temperature (2.4 ps at 283 K and 3.1 ps at 22 K) and could possess a very small activation barrier. If the k2 process falls into the "inverted" regime where the P+B-HA state interacts with high vibraitional levels of the P+BAH-state, a pseudoactivationless electron transfer will result and the temperature dependence should be weak (43, 44) . According to our analysis, the k2 process is slightly thermally activated (3.2 ps at 22 K vs. 1.2 ps at 283 K).
The coexistence of the superexchange and sequential mechanisms in the RC is simply the consequence of the demand for a highly efficient and ultrafast initial electron transfer that dominates all other P* decay processes. For instance, for the sequential pathway to be efficient, the intermediate state P+B-HA must lie close to the initial state P*BAHA, and this enhances the superexchange interaction and vice versa. In other words, to achieve such rapid charge separation over 17 A (center to center), it appears likely that both mechanisms must exist. In the context of this model, the increased importance of the superexchange mechanism at low temperature is responsible for the observed temperature dependence of the stimulated emission decay of P* in RCs.
In addition, the cooperation ofthe two processes, as noted by Bixon et al. (19) , allows stability of the electron transfer over a large range of energy gaps resulting from structural differences and/or temperature changes. 
